Dedicated chaperones facilitate the assembly of the eukaryotic proteasome, but how they function remains largely unknown. Here we show that a yeast 20S proteasome assembly factor, Pba1-Pba2, requires a previously overlooked C-terminal hydrophobic-tyrosine-X (HbYX) motif for function. HbYX motifs in proteasome activators open the 20S proteasome entry pore, but Pba1-Pba2 instead binds inactive proteasomal precursors. We discovered an archaeal ortholog of this factor, here named PbaA, that also binds preferentially to proteasomal precursors in a HbYX motif-dependent fashion using the same proteasomal a-ring surface pockets as are bound by activators. PbaA and the related PbaB protein can be induced to bind mature 20S proteasomes if the active sites in the central chamber are occupied by inhibitors. Our data are consistent with an allosteric mechanism in which the maturation of the proteasome active sites determines the binding of assembly chaperones, potentially shielding assembly intermediates or misassembled complexes from nonproductive associations until assembly is complete.
a r t i c l e s
In eukaryotes, 26S proteasomes mediate a major fraction of intra cellular protein degradation 1 . This ~2.5MDa protease complex con sists of a 20S proteasome core capped on one or both ends by the 19S regulatory particle. Four coaxially stacked heptameric rings make up the 20S core particle. Structurally related α and βsubunits form the outer and inner rings, respectively 2 . An interior chamber created by the βsubunit rings bears the protease active sites. Proteolytically active βsubunits are synthesized with Nterminal propeptides, which are autocatalytically cleaved near the end of proteasome assembly, thereby exposing the catalytic Nterminal nucleophilic residue Thr1. A narrow gated central pore in each αsubunit ring controls substrate access. Nterminal segments of the αsubunits occlude the opening but are displaced upon binding to activators. All proteins that can activate the 20S core, including the 19S regulatory particle, protea someactivating nucleotidase (PAN), Blm10 and PA28 (also known as 11S regulator) insert short Cterminal peptide segments into shallow pockets on the αring surface, triggering conformational changes that lead to gate opening. A subset of the regulatory particle ATPases, as well as PAN, the archaeal ortholog of the regulatory particle ATPases, have a Cterminal HbYX motif that is crucial for activation.
Relatively little is known about how the proteasome is assembled, but it is known to involve proteasomespecific assembly chaper ones [3] [4] [5] . For the 20S core, these include Ump1, the Pba1-Pba2 (for proteasome biogenesis-associated) complex (called PAC1-PAC2 in mammals), the Pba3-Pba4 (PAC3-PAC4) complex and potentially Blm10 (PA200) [6] [7] [8] [9] [10] [11] [12] [13] . Recently, four dedicated chaperones that promote assembly of the regulatory particle have been described [14] [15] [16] [17] [18] . Many mechanistic details of assembly factor function remain unknown. For example, the Pba1-Pba2 heterodimer associates with various 20S proteasome assembly intermediates in both yeast and mammals and has been suggested to function in preventing offpathway interactions between preformed αrings 6, 7 . However, even elementary informa tion, such as the nature of the interaction between Pba1-Pba2 and the 20S proteasome, not to mention its role in the biogenesis of the protea some, is not known. The subunit complexity of the eukaryotic protea some has thwarted efforts to create an in vitro assembly system. Archaea are often a useful model system in which to dissect the function of more complicated eukaryotic machinery. Archaeal 20S proteasomes are structurally similar to their eukaryotic counterparts but are usually composed of only one type each of α and βsubunits 19, 20 as opposed to seven of each in eukaryotes. When expressed recom binantly in bacteria, archaeal 20S subunits yield proteasomes that are functionally and structurally indistinguishable from their native counterparts 21 . The compositional simplicity and the ease of assem bling these archaeal proteasomes through heterologous coexpression in bacteria have led to the assumption that they do not need assembly factors. In this report, we identify two archaeal proteins from the mesophilic methanogen Methanococcus maripaludis, which we have named PbaA and PbaB, that are probably orthologs of the eukaryotic Pba1-Pba2 assembly chaperone. Using an in vitro system, we show that they associate directly with archaeal proteasome precursors, paralleling the exclusive association of yeast Pba1-Pba2 with assembly intermediates in vivo. This association requires a Cterminal HbYX motif that is universally conserved in both archaeal and eukaryotic proteins and is essential for the function of the Pba1-Pba2 assembly factor in vivo. Maturation of the proteasome correlates with chaperone release. Notably, PbaA and PbaB bind stably to mature 20S protea somes if the βsubunit active sites are bound to inhibitors, implying a r t i c l e s that their binding is regulated allosterically by changes that are initi ated at the distant active sites. We suggest that this ancient class of chaperones promote the assembly of the 20S proteasome by sterically blocking offpathway proteinprotein interactions such as pairing of αsubunit rings and help to limit the binding of activators to incom pletely assembled or inhibited proteasomes.
RESULTS

Sequence analysis of the Pba1-Pba2 assembly factor
The Saccharomyces cerevisiae heterodimer Pba1-Pba2, the ortholog of human PAC1-PAC2, associates with proteasome intermediates that range from particles with a full αsubunit ring but only three βsubunits to the preholoproteasome (PHP), which has brought together two complete halfproteasomes but has not yet processed the βsubunit propeptides 6 . To characterize this assembly factor fur ther, we first analyzed its primary sequences more closely. Pba2 and PAC2 assembly chaperones are members of the domain of unknown function 75 (DUF75) superfamily (Fig. 1a) , and our sequence analy sis indicates that Pba1 and PAC1 are as well (see Supplementary Methods). DUF75 members are also found throughout the archaea and can be divided into two related orthologous groups, COG1938 and COG2047 (Fig. 1a and Supplementary Fig. 1 ). Despite low overall sequence conservation 6 , all eukaryotic Pba1 proteins termi nate with a highly conserved tripeptide that is reminiscent of the HbYX motifs found in proteasome activators (Fig. 1b) . HbYX motifs mediate the binding of activators to 20S proteasomes and drive gate opening in the αring [22] [23] [24] . COG1938 members are found in all exam ined archaea and, intriguingly, also all contain a highly conserved Cterminal HbYX motif (Fig. 1b) .
These bioinformatic results suggest that proteins that belong to the COG1938 and COG2047 groups may represent archaeal orthologs of the eukaryotic Pba1and Pba2 proteins and that this family of proteins might use the conserved HbYX motif in binding to 20S proteasomes.
Functional importance of HbYX motifs in yeast Pba1-Pba2
All eukaryotic Pba1 orthologs have the highly conserved HbYX motif, as do fungal Pba2 proteins; by contrast, nonfungal Pba2 pro teins terminate with a terminal hydrophobictyrosine/phenylalanine (HbY/F) motif (Supplementary Fig. 2a) . We tested whether the HbYX motifs of yeast Pba1 or Pba2 contribute to Pba1-Pba2 func tion in vivo. Neither pba1∆ nor pba2∆ strains (nor the pba1∆ pba2∆ double mutant) show any obvious growth defects by themselves 6 ( Supplementary Fig. 2b ). However, Pba1-Pba2 becomes impor tant in cells in which proteasome function has been compromised 6 . Therefore, we used strains that included either a point mutation in the 20S α5 subunit (doa5-1) or a deletion of RPN4, which encodes a transcription factor that is necessary for normal proteasome expres sion 25, 26 (Fig. 2) . Whereas wildtype PBA1 and PBA2 introduced on lowcopy plasmids complemented the growth defects of the respec tive mutants, pba1 or pba2 alleles that encoded proteins with point (Fig. 2a) , suggesting that the HbYX motifs of both Pba1 and Pba2 contribute to their in vivo activity.
The modest deficiencies seen in the single HbYX motif mutants could be due to functional overlap of the Pba1 and Pba2 HbYX motifs. Therefore, we coexpressed mutant Pba1 and Pba2 proteins and tested their ability to restore normal growth to pba1∆ pba2∆ rpn4∆ and pba1∆ pba2∆ doa5-1 triple mutants. Strains with HbYX motif muta tions in both Pba1 and Pba2 showed defects almost as severe as those caused by complete loss of these proteins (Fig. 2b) . The defects in the double HbYX motif mutants were not due to decreased protein expres sion (Fig. 2c, Supplementary Fig. 3 and Supplementary Methods).
Although pba1∆ and pba2∆ mutants by themselves show no obvi ous growth impairment, they do show a weak defect in assembly of the 20S proteasome 9 . After fractionation of wildtype yeast proteins by native PAGE and incubation of the gel with a fluorogenic peptide substrate, most proteolytically active proteasomes are in the form of doubly (RP 2 CP) and singly (RPCP) capped 26S proteasomes with a small amount detectable as free 20S (CP, which requires SDS for activation; Fig. 3a , lane 1). Elimination of Pba1-Pba2 caused a subtle reduction in free 20S (Fig. 3a , lane 2, +SDS). Moreover, the dearth of functional 20S particles led to a higher fraction of 20S in the doubly capped RP 2 CP form and in association with Blm10 (RPCP-Blm10 and CP-Blm10 2 ). Epitopetagged wildtype Pba1 and Pba2 restored the normal profile of proteasomal particles to pba1∆ pba2∆ cells; by contrast, versions of these proteins with the crucial HbYX tyrosine mutated to alanine failed to do so (Fig. 3a, lanes 3,4) .
Notably, we detected the Flagtagged wildtype Pba1 protein in a presumptive assembly intermediate (Fig. 3a , lower panel, arrowhead), but not the version with the mutated HbYX motif. This complex had low abundance, so its precise identity could not be ascertained. However, Pba1-Pba2 associates exclusively with proteasome assem bly intermediates, most of which also contain the Ump1 assembly factor 6 . Consistent with this, immunoprecipitation of FlagPba1 co precipitated Ump1 (Fig. 3b, lane 7) . This interaction also depended on the HbYX motifs (Fig. 3a, lane 8) .
From these results, we conclude that the HbYX motifs in Pba1 and Pba2 contribute to proteasome assembly in vivo, are required for Pba1-Pba2 binding to Ump1containing proteasome precursors and are partially redundant with one another.
Characterization of archaeal PbaA and PbaB proteins
Mechanistic analysis of the contribution of the Pba1-Pba2 HbYX motifs to proteasome binding and assembly is complicated by the complexity of the eukaryotic 20S proteasome and the lack of an in vitro assembly system. We therefore turned our attention to the putative archaeal versions of this assembly factor (Fig. 1) . We cloned the genes for the COG1938 and COG2047 proteins from the archaeon M. maripaludis S2, whose genome has been sequenced 27 . Open reading frames Mmp0914 (COG1938) and Mmp1611 (COG2047), hereafter referred to as pbaA and pbaB, respectively, encode proteins of 26.4 and 27.5 kDa, respec tively. These genes both express well in Escherichia coli.
Pba1-Pba2 and PAC1-PAC2 form heterodimers 6,7 , so we tested whether the putative archaeal orthologs could also form complexes. When we expressed an Nterminally hexahistidine (His 6 )tagged ver sion of the PbaA protein with an untagged version of PbaB, the two proteins coeluted from NiNTA resin in equimolar amounts, as judged by protein staining (Fig. 4a, left) . We obtained the same result when we mixed lysates expressing these two proteins individually and then applied the mixture to NiNTA resin (data not shown). Coelution was specific because untagged versions of these proteins did not bind the resin (Fig. 4a, middle) . We did not observe the PbaA-PbaB complex when these eluates were analyzed by native PAGE, suggesting that it is not stable under the conditions used for nondenaturing electro phoresis ( Supplementary Fig. 4) . We conclude that PbaA and PbaB can interact in vitro.
Pba1-Pba2 and PAC1-PAC2 directly bind a subset of proteasome αsubunits in vitro, although the functional relevance of these specific interactions remains unknown 6, 7 . If PbaA and PbaB are orthologs of these proteins, they might also show affinity for the archaeal protea some αsubunit. We cloned the M. maripaludis proteasome αsubunit gene (psmA) and expressed it along with either of the putative chaper ones in E. coli. Both PbaA and PbaB interacted with the αsubunit when it was expressed with a Cterminal His tag (Supplementary Fig. 5 ). The low level of copurified PbaA or PbaB suggested either weak or substoichiometric binding. These results indicate that the M. maripaludis PbaA and PbaB proteins may indeed be archaeal orthologs of Pba1-Pba2 and PAC1-PAC2.
Archaeal Pba proteins associate with 20S intermediates
If PbaA and PbaB are functionally similar to Pba1-Pba2, they might also associate preferentially with proteasome assembly intermedi ates. We generated one such intermediate, the PHP, by expressing the archaeal αsubunit along with a βsubunit (βT1A) that cannot a r t i c l e s cleave off its 14residue propeptide 21, 28 . For comparison, we generated the wildtype 20S proteasome by expressing the wildtype αsubunit with a βsubunit version (β∆pro) that lacked its propeptide, ensur ing the generation of fully mature 20S proteasomes (Supplementary Methods and Supplementary Fig. 6 ). We confirmed assembly by subjecting the NiNTA-purified proteasomes to native PAGE and both protein and activity staining (Fig. 4b) . The PHP migrated at the same position as the wildtype proteasome but, unlike the wild type, showed no peptidase activity (Fig. 4b) .
Lysates of E. coli expressing Histagged versions of wildtype 20S or PHP were mixed with lysates expressing untagged versions of PbaA, PbaB or both followed by proteasome isolation using NiNTA chro matography. Resolution of the eluates by native PAGE revealed a new species migrating above free PHP after incubation of PHP with PbaA or PbaA plus PbaB (but not PbaB alone; Fig. 4c ). By contrast, we observed no gelshifted species with any combination of wildtype 20S and Pba proteins. We excised the gelshifted complexes from PHPmixed samples and analyzed them by liquid chromatography tandem mass spectrometry (LCMS/MS). We identified multiple pep tides corresponding to proteasome α and βsubunits as well as PbaA ( Table 1) . In the PbaAplusPbaB sample (righthand lane), we also observed a single peptide corresponding to PbaB. It is possible that this reflects a complex of PbaA-PbaB binding to the PHP from which PbaB is stripped during electrophoresis (Supplementary Fig. 5 ), but this cannot be concluded from this result alone (see below).
HbYX motif-dependent binding of PbaA to 20S intermediates
Inasmuch as PbaA alone, but not PbaB, associates stably with the PHP, and only PbaA contains a conserved HbYX motif (Fig. 1b), we investigated whether the association between PbaA and PHP depended on the HbYX motif. We repeated the PHP binding analy sis using mutant versions (∆C) of PbaA and PbaB lacking their three Cterminal residues (Fig. 5a) . Deletion of the PbaA HbYX motif prevented the formation of the PbaA-PHP complex. The same PbaA HbYX deletion also abrogated PHP binding in the presence of PbaB, but mixing PbaB∆C with wildtype PbaA did not block binding of the latter to the PHP. Therefore, PbaA requires its HbYX motif to associate stably with the PHP.
We then tested whether the PbaA HbYX motif bound to the same proteasome sites as the HbYX motifs in activators such as PAN. Activators bind to specific 20S surface pockets formed between the αsubunits, which contain a highly conserved lysine residue 22 ; when this lysine is mutated, PAN binding is lost. We generated the analo gous mutation in the M. maripaludis αsubunit (K68A) in the context of the PHP. Wildtype PbaA did not bind detectably to the K68A PHP ( Fig. 5b and Supplementary Fig. 7) . Together, these results suggest that the PbaA HbYX motif docks into the same proteasome αring pocket as the HbYX motifs of known proteasome activators, although PbaA binds preferentially to assembly intermediates (the PHP) rather than to mature 20S proteasomes.
Pba proteins and 20S activation
Because previously characterized HbYXmotif proteins such as PAN and Blm10 act as proteasome activators, we investigated whether Pba proteins were also activators. Recombinant yeast Pba1-Pba2 did not stimulate the peptidase activity of purified yeast 20S proteasomes even though the latter were activation competent (Supplementary Fig. 8a) . We also did not detect binding between purified recombinant Pba1-Pba2 and purified yeast 20S proteasomes (data not shown). Others have reported that PAC1-PAC2 is degraded by 20S proteasomes upon completion of assembly 7 , so the absence of 20S binding and activa tion by purified Pba1-Pba2 might be due to its degradation during coincubation. However, we saw no degradation of Pba1-Pba2 after a r t i c l e s prolonged incubation with yeast proteasomes (Supplementary Fig. 8b) . Thus, Pba1-Pba2 does not appear to function as an activator, at least not in vitro, despite both subunits having HbYX motifs. Similarly, we saw no significant increase in the peptidase activity of wildtype archaeal 20S in the presence of archaeal Pba proteins (Fig. 5c) , consistent with our failure to detect binding between these factors and holo20S by native PAGE (Fig. 4c) . PbaA and PbaB were also stable in the presence of archaeal 20S (Supplementary Fig. 9 ). This suggests that the archaeal Pba proteins also do not function as activators.
The apparent lack of binding between archaeal Pba proteins and mature 20S proteasomes prompted us to create 20S intermediates that contained mixtures of processed and unprocessed βsubunit propep tides. Such particles might retain detectable binding affinity for Pba (as seen with inactive PHP) but also contain some mature βsubunits whose peptidase activity can be monitored. Our aim was to find a sensitive and quantitative fluorometric assay for Pbaproteasome interactions. We constructed two operons for recombinant protein expression (see Supplementary Methods) that gave rise to two sets of 20S particles (S1 and S2) of intermediate maturity between PHP and fully mature 20S (Supplementary Fig. 10a,b) . The S1 ('earlier') intermediates had, on average, fewer matured particles than the S2 intermediates. Using purified S1 and S2 ( Fig. 5d and Supplementary  Fig. 10c,d ), we found a small (less than twofold) but significant stimulatory effect on peptidase activity in the presence of PbaA or PbaA plus PbaB. PbaB alone also had a slight effect, though it did not reach statistical significance. Stimulation by PbaA depended on its HbYX motif, suggesting that the assay was specifically reporting on the binding of archaeal Pba proteins to these species. Although PbaA stimulated the peptidase activity of both S1 and S2, we detected a gel shift only with S1 ( Fig. 5e and Supplementary Fig. 11) .
Our results support a number of conclusions. First, the peptidase assay is sensitive enough to detect weak binding of archaeal Pba proteins to proteasomes, including binding to species that are (S1) or are not (S2) detectably bound by PbaA as determined by native PAGE. Second, the archaeal Pba proteins, like eukaryotic Pba1-Pba2, are unlikely to function as appreciable activators of the mature 20S proteasome. Finally, during maturation from PHP to holo20S, a βsubunit propep tide processing threshold is apparently reached whereupon binding of PbaA to the maturing 20S particle is substantially weakened.
Archaeal Pba binding to proteasomes with engaged active sites
Crystal structures of mature archaeal 20S proteasomes and a 20S mutant (βT1G), equivalent to the PHP described here, reveal a less intimate and more disordered interface between βsubunit rings in the PHP compared to mature 20S 29 . The αrings in holo20S and PHP look essentially identical, which raises the question of why archaeal PbaA and eukaryotic Pba1-Pba2 proteins bind preferentially to the PHP. The mature 20S is a dynamic complex that alternates between (at least) two states, open and closed 30, 31 , owing to motions of the αsubunit Nterminal tails 32, 33 . A recent study uncovered a shift in the balance between closed and open conformations for yeast 20S proteasomes that were idle (sub strate free) or had their active sites engaged (by substrates, inhibitors or propeptides in T1A mutants) 34 . As observed above . Asterisks denote statistically significant differences from the S2-only sample (**P = 0.003; *P = 0.049; n = 3). Activity of S2 in the absence of Pba proteins was set to unity. Error bars represent s.e.m. (e) PbaA causes gel shift of S1 (α+β(T1A)His+β) but not S2 (α+βHis+β). Lysates of E. coli expressing either His-tagged S1 or S2 were mixed with lysates of E. coli expressing untagged PbaA. The mixtures were fractionated as in Figure 4c , and proteins were visualized with GelCode blue. Arrowheads, PbaA-shifted proteasomal species. Fig. 4c) , PbaA failed to induce a gelshift of the untreated wild type 20S (Fig. 6a, top) . However, if before the NiNTA-binding step we treated the lysate mixtures with an inhibitor (peptide vinyl sulfone or lactacystin), we observed clear gel shifts (Fig. 6a) . We also detected a second, slowermigrating species above 20S ( Fig. 6b ; more easily visualized in the overloaded lanes, denoted by aster isks). We observed this second species in experiments with PHP, too, but its detection was more variable (data not shown). The sim plest explanation for the upper gelshifted band is that it repre sents PbaA proteins associated with both ends of the 20S cylinder. The gel shifts were not due to modification of 20S by inhibitor, as treatment of 20S proteasomes in the absence of PbaA did not alter their migration (Fig. 6a, bottom) . Inhibitor treatment abolished the peptidase activity of 20S, indicating (near) complete modification of all active sites (data not shown). The analysis was repeated with Cterminally truncated PbaA (∆HbYX; Fig. 6b ). As observed with PHP, the gel shifts of vinyl sulfone-treated and lactacystintreated mature proteasomes were eliminated when PbaA lacked the HbYX motif. These data suggest that PbaA can associate stably with the αrings of mature 20S proteasomes when the proteasomes are bound to activesite inhibitors. Because PbaB failed to bind detectably to either PHP or mature 20S proteasomes when we used the native PAGE assay, we were surprised that PbaB produced a gelshifted species in vinyl sulfone-treated and lactacystintreated 20S proteasomes (Fig. 6c) . The presence of PbaB in the gelshifted bands was verified by LCMS/MS (data not shown). As with PbaBstimulated peptidase activity, the PbaBinduced gel shifts required an intact PbaB C terminus (Fig. 6c) . These findings are con sistent with the weak stimulation by PbaB of peptidase activity in the S1 and S2 'precursors' (Fig. 5) . Finally, treatment with a proteasome inhibitor, MG262, that has different structural 34 and functional 35 effects on yeast 20S proteasomes nevertheless led to both PbaA and PbaBinduced mobility shifts of the archaeal proteasome (Fig. 6d) .
We also tested whether a PbaA-PbaB complex might bind to mature proteasomes in the presence of activesite inhibitors. We incubated lysates containing Histagged mature 20S proteasomes with (i) lysates containing both wildtype PbaA and PbaB; (ii) lysates with PbaA∆HbYX and wildtype PbaB; or (iii) lysates with PbaA and PbaB∆C (Fig. 6d, lanes 6-8) . All samples were treated with lactacystin before the NiNTA step. Coexpression of PbaA and PbaB (lane 6) resulted in two gelshifted species-a lower band similar to that pro duced by PbaB alone (compare with lane 3) and an upper one similar to that seen with PbaA alone (compare with lane 4). In the PbaA∆HbYX plus PbaB sample, only the lower band was present (lane 8). By contrast, in the PbaA plus PbaB∆C sample, this lower band was absent (lane 7). These data are consistent with the identification of this species as a 20S-PbaB complex. We analyzed the two slower migrat ing species in the PbaA plus PbaB∆C sample (lane 7) by LCMS/MS. For each, we identified many peptides derived from PbaA as well as the proteasome α and βsubunits but none from PbaB (not shown), suggesting that PbaB∆C cannot stably associate with PbaA (under conditions of native PAGE) when the latter binds to the proteasome.
In summary, the results suggest that occupation of the archaeal proteasome active sites by inhibitors (or propeptides) triggers an allosteric signal that modulates the binding of PbaA and PbaB to the outer surface of the αring.
PbaA binding to proteasomes requires the a-ring N termini
That archaeal Pba proteins discriminate between fully matured 20S proteasomes and assembly intermediates (or inhibitortreated protea somes) is consistent with previous observations, confirmed here (Fig. 3) , that eukaryotic Pba1-Pba2 and PAC1-PAC2 associate with assembly intermediates such as the PHP but not with mature protea somes 6, 7 . This presumably reflects an allosteric signal originating in the βring that is transmitted to the αring.
The bestdocumented conformational change that occurs in the αring is the opening and closing of the central gate 32, 36 constituted by the N termini of the αsubunits. To investigate whether the αring gate is relevant to Pba binding, we generated a permanently open PHP 33 by deleting 13 residues from the αsubunit N terminus (α∆N PHP) and tested it for its ability to bind PbaA. The α∆N mutation abolished the gel shift that was normally observed in the presence of PbaA (Fig. 7, top) , and this was confirmed by the absence of PbaA in NiNTA eluates of Histagged α∆N PHP (Fig. 7, bottom) . We con clude that the residues that comprise the αring gate must be present in order for PbaA to interact with the PHP.
DISCUSSION
Considerable gaps remain in our understanding of the basic func tional properties of proteasome assembly chaperones, including Pba1-Pba2 or PAC1-PAC2. Here we show that the yeast Pba1-Pba2 chaperone uses Cterminal HbYX motifs to bind to proteasome pre cursors and to promote the assembly of the 20S proteasome. In protea some activators, these motifs function in opening the αring gate to the 20S interior. By contrast, Pba1-Pba2 only binds detectably to 20S precursors and is not an appreciable 20S activator. Pba1-Pba2 is conserved even in archaea despite the compositional simplicity of archaeal proteasomes. The related M. maripaludis PbaA and PbaB proteins also form a complex, and PbaA (and possibly a PbaA-PbaB complex) also preferentially associates with proteasome assembly intermediates that contain unprocessed catalytic βsubunits. The conserved PbaA HbYX motif binds to the same surface pocket in the αring that is bound by proteasomal activators. Mature archaeal pro teasomes can be induced to bind PbaA and PbaB when the βsubunits are bound to activesite inhibitors. This supports a model in which binding of PbaA (and PbaB) is allosterically regulated by occupation of the active sites by βsubunit propeptides. When these are processed at the end of proteasome assembly, chaperones dissociate from the distal αring surface.
Our results identify the region on the proteasome to which Pba1-Pba2 binds, namely the outer surface of the αring. This explains the failure to observe a physical interaction between PAC1-PAC2 and Ump1 (ref. 7) , inasmuch as the two assembly factors bind to opposite faces of αring-containing intermediates, and the observation that 6 . A metazoan proteasome inhibitor protein (PI31) that can compete with activators for binding to the core particle also con tains a Cterminal HbYX motif 37, 38 . Although it has not yet been shown that PI31 uses this motif for 20S binding, it would appear that HbYX motifs are not used exclusively by proteasome activators. The C termini of activators share a number of functional similarities in the manner in which they bind 20S 39 . It will be interesting to deter mine whether marked differences exist between how HbYX motifs of activators and those of nonactivators bind to the αring pockets. PbaAproteasome association also requires the Nterminal αsubunit gate segments (Fig. 7) , which might bind PbaA directly or stabilize PbaA20S interactions. Pba1-Pba2 and PAC1-PAC2 function as heterodimers 6, 7 . Additional experiments are required to ascertain the nature of the functional Pba species in archaea. Our gelshift experiments indi cate there is a tight, HbYX motif-based association of PbaA with the PHP. This specificity of binding, and its persistence through out NiNTA-based fractionation steps in highsalt buffers, strongly suggests that it is physiologically relevant. By contrast, PbaB, which lacks an HbYX motif, did not cause a similar gel shift with PHP. Nevertheless, PbaB caused a weak gel shift of inhibitortreated wild type proteasomes, leaving open the nature of the functional species (see Supplementary Notes).
The precise role of Pba1-Pba2 or PAC1-PAC2 and the function of archaeal Pba in proteasome assembly remain to be determined, but our findings give rise to several possibilities. By preferentially binding to the outer αring surface of intermediates such as the PHP, these factors could prevent activators from prematurely binding to nascent assembly structures or help to sequester incorrectly formed species. Consistent with these models, we find that PbaA can distin guish among different states of maturing archaeal 20S proteasomes. Although peptidase assays indicate that PbaA interacts with both the partially matured S1 and S2 intermediate species, it causes a detectable gel shift of the 20S only with the less completely matured S1 inter mediates ( Fig. 5e and Supplementary Fig. 11 ). The drop in apparent affinity for S2 relative to S1 suggests that PbaA can 'sense' the ratio of processed to unprocessed βsubunits.
The ability of archaeal Pba proteins to bind preferentially to the αrings of assembly intermediates indicates that these factors recog nize a feature(s) present in these αrings but not in those of mature 20S. Crystal structures of the PHPequivalent T1G mutant and mature 20S did not reveal any obvious differences between αring surfaces 29 . However, dense packing typical of protein crystals can alter the gated structure of the αring 34 . Support for the idea that the binding of PbaA (and PbaB) to the 20S is regulated allosterically by changes in the βsubunit active sites comes from binding analysis of inhibitortreated mature 20S proteasomes (Fig. 6) . Unlike untreated 20S, inhibitor bound 20S particles form discrete complexes with both PbaA and PbaB. We propose that covalent modification of active sites by inhibi tors mimics the presence of the propeptides found in immature pro teasomes. During assembly, the presence of the intact propeptides of the βsubunits sends an allosteric signal to the αsubunit N termini, resulting in an altered conformation that can be decoded by Pba proteins. Allosteric signaling from engaged active sites has been pos tulated to explain the stability of 19S RP20S core particle complexes under conditions of active protein degradation 35 . We have not been able to detect Pba1-Pba2 binding to yeast 20S proteasomes treated with inhibitors (data not shown). The salient point from the current study is that propeptidedependent signaling occurs between the βsubunit active sites and the αsubunit ring, and this causes the αrings of immature or aberrant βsubunit-containing intermediates to adopt a conformation(s) recognized by Pba assembly chaperones.
20S proteasomes are also found in actinomycete bacteria, as are DUF75 proteins. Genome linkage has been used to argue that actino mycete DUF75 proteins may somehow function in proteasome assem bly 40 . However, structural features of actinomycete DUF75 proteins, and the mechanism of actinomycete 20S assembly 41 , make it unlikely that they function in the same manner as eukaryotic and archaeal Pba proteins (see Supplementary Notes and Supplementary Fig. 12) .
Alternative functions for Pba proteins, consistent with their pref erential binding to proteasome precursors, can also be proposed. They may promote βsubunit maturation, a role analogous to that proposed for Blm10 (ref. 12) ; however, we found no evidence for this (data not shown). Pba proteins could also function during deg radation. Peptide hydrolysis proceeds through intermediates that include covalent modification of the active site Thr1 residue, and an alternative view of inhibitortreated 20S is that these species mimic such hydrolysis intermediates 34 . Consequently, Pba proteins could be recruited to actively hydrolyzing proteasomes, perhaps form ing hybrid complexes with other activators, although there is no experimental evidence for this. Finally, archaeal Pba and eukaryotic Pba1-Pba2 proteins may have roles in proteasome quality control. Proteasomes that have not properly matured or have their active sites blocked might be recognized by the Pba factors, thereby preventing activator association and ultimately eliminating them from the pool of available 20S proteasomes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
